SUMMARY: A quantitative study of the survival of vegetative bacteria on drying in various suspending media led to a simple method for preserving bacterial cultures. Bacterial cells are suspended in melted nutrient gelatin cont.aining ascorbic acid or sodium ascorbate in concentration of 0.25-0.5 yo. Small quantities are dried over P,O, at pressures of 100-300 mm. of mercury and stored in vucuo over P,O, a t room temperature. A wide range of bacterial species of medical and veterinary importance was preserved by this method for 4 years. The slow decline in the number of viable organisms and the high percentage survival rate at 4 years indicate the likelihood of survival for a much longer period.
A number of methods have been described for the preservation of stock cultures of bacteria by drying. The simplest consists in drying the organisms suspended in culture fluid or resuspended in saline, serum or blood in a desiccator i n vacuo over dehydrating agents such as H,SO, or P,O,. The suspensions are dried on sterile coverslips, filter paper, in small test-tubes, or more conveniently in sterile ampoules which can subsequently be sealed off in vacuo. Successful results with a variety of bacterial species have been reported by Heim (1905 Heim ( , 1907 Heim ( , 1922 , Brown (1925 Brown ( , 1932 , Harris & Lange (1933) , Otten (1930 Otten ( , 1932 , Pauli (1932) , and Mackie & McCartney (1945) . Some pathogens have also been preserved satisfactorily by similar drying of the spleens taken from infected animals. Others recommend freezing the bacterial suspension immediately before and during the drying process by immersing the container in an ice and salt mixture, or in a mixture of CO, snow and glycerol placed in the desiccator (Shackell, 1909; Rogers, 1914; Swift, 1921 Swift, , 1937 Morton & Pulaski, 1938) . A more elaborate freeze-drying process was developed by Elser, Thomas gt Steffen (1935) and Flosdorf & Mudd (1935 , 1938 for the preservation of biological products, including micro-organisms. In this so-called ' lyophile '
process the bacterial suspension is delivered into ampoules and frozen by immersion in salt and ice mixture or CO, snow. The ampoules are then attached to a manifold and the moisture is drawn off by means of an efficient vacuum pump, such as the Cenco-Megavac or Hyvac, and trapped by condensation in a vessel immersed in CO, snow or by means of a chemical desiccant chamber containing anhydrous calcium sulphate. Traps containing P,O, are used also to Lord Stamp collect the last traces of moisture carried over. Drying is complete in a very short period and the ampoules are then sealed off in situ under high vacuum.
This method is said to give the most satisfactory results, particularly with delicate organisms.
However, in little of the work published on the drying of bacteria has any attempt been made to determine systematically the conditions most favourable for survival. This can be done satisfactorily only by quantitative methods in which the percentage of organisms surviving desiccation under different conditions is accurately estimated. In this paper a study has been made on these lines of some of the factors which might be expected to influence survival (such as the use of different suspending media) and of the two methods in common use for preserving stock cultures by drying, namely, simple drying in the unfrozen state in a desiccator over dehydrating agents in vacuo, and the more rapid freeze-drying 'lynphile' process. As a result a simple drying technique has been developed and used to preserve a large number of bacterial species.
METHODS

Preparation of the bacterial suspension. The organism under test was grown
on a suitable agar medium in Petri dishes or Roux bottles. The latter proved preferable in view of the lesser likelihood of contamination. I n one or two experiments (e.g. with PasteureEZa pestis) the suspension was made from a broth culture. The growth was removed by scraping off with a sterile glass slide or by washing off and centrifuging. The packed cells were thoroughly emulsified in the suspending medium. A wide range of concentrations of bacterial cells was used, but in most cases a thick suspension containing 5 x lo9 to 1.5 x 1O1O organisms/ml. of suspending medium was used. With profusely growing organisms such as the Salmonellae, these concentrations were attained when the growth from three agar plates or one Roux bottle, grown for 24 hr. a t 37" on tryptic meat agar or CCY agar (Gladstone & Fildes, 1940) , was added to 2-5-10 ml. of suspending medium. In the majority of tests the suspending medium was nutrient gelatin, containing peptone (Evans, Sons, Lescher & Webb) l-Oyo, NaCl 0.50/,, Lemco beef extract 0-4%, and Coignet gold label gelatin 10-Oyo. The first three ingredients were made up double strength, the pH adjusted to 9.3 to precipitate phosphates which were removed and then readjusted to pH 7.6; an equal volume of a 200/, solution of gelatin was'then added. The medium was cleared with egg albumin, steamed for 30 min., shaken, steamed for a further 2 hr., filtered, the pH adjusted to 7-6 and the medium autoclaved at 115" for 15 min.
Other suspending media were : fresh defibrinated horse blood, fresh sterile rabbit serum heated a t 60" for 1 hr., 2.5% solution of mucin in distilled water, 2.0yo solution of polyvinyl alcohol in distilled water sterilized at 100". The pH of each was checked and adjusted when necessary to c. 7.0 before use. Solutions of ascorbic acid were made up in the suspending medium under test or in distilled water in ten times the strength required and heated to 100" for a few seconds to sterilize. One part of concentrated solution was then added to nine parts of thick bacterial suspension and mixed thoroughly.
Drying the bacterial suspension
Drying i n the unfrozen state in a desiccator over P,O, in a partial vacuum. In early experiments the bacterial suspension was delivered into Petri dishes in 1 ml. quantities. But in the great majority of experiments i t was delivered on to a sterile waxed surface as discrete drops by means of a 'standard' dropping pipette, calibrated to deliver 36 drops of water/ml. under controlled conditions. The waxed surface was made by dipping a filter paper into hot melted parafin wax to sterilize, allowing to cool and placing in a Petri dish. I n some tests the drops were delivered directly into one ml. vials with wide necks. The samples were placed in a desiccator containing P205 and dried a t a pressure of 100-300 nim. Hg. Drying was continued with excess P,O, for 2-3 days at room temperature, after which no further appreciable loss in weight was found to occur. Before opening, the desiccator was slowly filled with air filtered through sterile cotton-wool. On drying the drops formed thin disks of uniform size which were carefully scraped off the filter paper, transferred to a suitable sterile container and stored under a cotton-wool plug in a desiccator over P205, usually at low pressure. For subculture a disk was removed from the container by touching with a moistened platinum loop, to which it readily adhered, transferred to broth and warmed to redissolve. One loopful was then subcultured in fresh broth or on to a solid medium. There was little trouble with contamination of samples provided all possible aseptic precautions were taken during drying. Small numbers of contaminants present in the dried disk were presumably diluted out when it was redissolved and subcultured. The desiccators were stored a t room temperature during the first 2-year period, namely, laboratory temperatures of 18-21 O, except for brief periods during the summer months. During the second 2 years they were kept in a cool cellar a t somewhat lower temperatures.
Dryirig by the ZyophiZe process. Dryilig by the McFarlane process. The McFarlane (1942-3) process differs from other freeze-drying processes in that the material to be dried is held frozen to a metal surface. A coil of tubing was used, through which brine was circulated a t -40". Freezing was extremely rapid to ensure that the material remained homogeneous. The coil with the frozen material attached was lifted out of the container and transi'erred to a vessel containing a large outer coil through which brine was passed a t -50". Brine at -23" was now passed through the inner coil. A high vacuum was applied and the water vapour condensed and was frozen on to the outer coil. When the material held on to the inner coil was completely dried i t was transferred to a desiccator containing P,05 and stored in vacuu. The fundamental difference between this process and the Flosdorf & Mudd (1935) process lies in the fact that in the latter at a certain stage the heat lost by evaporation is less than that entering by radiation and conduction so that in the terminal stages the temperature in certain parts of the material being dried is bound to rise. I n the McFarlane process this does not occur as a constant low temperature is maintained throughout by refrigeration.
Estimation of percentage survival
Viable counts were carried out on the undried and dried drops. Usually ten drops were pooled, the mean count/drop was determined and the percentage survival calculated. The surface viable count method modified from that described by Miles & Misra (1938) was used. Under carefully standardized conditions and when adequate numbers of colonies were counted this gave results with a high degree of accuracy.
RESULTS
The effect of different suspending media and of reducing substances o n survival rate; drying over P,O, in vacuo Melted nutrient gelatin was first selected as a suspending medium since it was thought that the gelatin and other substances present in the medium might coat the organisms protectively during drying. One-quarter strength Ringer solution was used for comparison. Ascorbic acid was also tested as it was considered that the death of organisms during drying and storage might in part be due to oxidation. Salmonella paratyph,i B was used as the test organism. pnrntyphi B was more effectively preserved in 10% nutrient gelatin than in one-quarter strength Ringer solution, and that ascorbic acid was also beneficial, particularly on storage. The drop in survival rate was, as would be expected, less rapid in the desiccator at room temperature than on the bench. The results with other suspending media and with glutathione as a reducing agent are shown in Table 2 . Nutrient gelatin was better than horse blood, serum, mucin or polyvinyl alcohol under the conditions of test. Furthermore, glutathione in the concentration used did not exert the beneficial action of ascorbic acid. Although these substances might have been investigated further and other suspending media and reducing agents tested, in view of the favourable results with nutrient gelatin and ascorbic acid it was decided to confine the study to these substances. Fig. 1 shows the effect of varying the concentration of ascorbic acid from 0.1 to 2.5% and of using nutrient gelatin diluted 1:10 with distilled water as suspending medium. The test organism was Chromobacterium prodigiosum. The percentage survival increased with the concentration of ascorbic acid up to 0.5% and thereafter fell off; decrcasing the concentration of nutrient gelatin gave somewhat lower survival rates. In other tests solutions of gelatin in concentrations higher than 10% gave no better result, and, moreover, were difficult to use owing to their high viscosity. Similar curves were obtained with Bacterium coli and Salmonella typhi-suis (Fig. a) . The deleterious effect of higher concentrations of ascorbic acid might be due to excessive acidity, since the pH, as estimated roughly by indicator dyes, was 4.8-5-2 with 0.5y0, and 4.4 with 1% ascorbic acid.
Tests were made on Clironiobacteriuni prodigiosum in nutrient gelatin with varying concentrations of ascorbic acid in which part of each suspension was first neutralized to pI-1 6.8-7.0 with one or two drops of N-NaOH,be€ore drying (Fig. 3) . As anticipated, neutralized ascorbic acid was not deleterious in the higher concentrations. This fact has also been noted by H. B. Naylor (personal communication) . In this test, as with Salmonella typhi-suis (Fig. 2) , the optimal concentration was 0.25 yo ; this concentration was used in nearly all the'storage tests described below. Recently, however, a similar comparison of the effect produced by ascorbic acid and neutralized ascorbic acid in concen- Table 4 . P,O, d r y i n g 4 8 hr.
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The survival values were approximately three times higher with P,O, drying than with either method of lyophilization. As a result of these experiments and in view of its simplicity the slower drying method was adopted as a routine. It is, nevertheless, likely that with certain organisms, such as the meningococcus, lyophilization will prove to be the only satisfactory method, since (Table 3 ) Neisseria meningitidis failed to survive drying over P,O, whereas it has been a general experience that i t and the gonococcus will survive freezedrying, according to some workers for as long as 18 years (Elser et al. 1935) .
The higher survival rates obtained with Cliromobacteriunz prodigiosum by the slower drying process might in part be accounted for by some degree of growth during drying. Tests with Chr. prodigiosum in nutrient gelatin showed that with the concentration employed (lolo organisms/ml.) the count might increase slightly during the first 3 hr. of drying. The maximum increase obtained was 30y0, but it was usuallyless than this figure. I n the presence of ascorbic acid this increase was never found to occur. The factor of growth therefore did not appear to play any substantial part in the results obtained.
In the experiments recorded in Table 4 , the degree of drying by the different processes was measured. The weight of moisture removed by drying the drops to constant weight over P20, was 89.47(0 of t h a t of undried material. By the McFarlane freeze-drying technique the loss of weight was 90.1% of the total.
It would appear, therefore, that the method giving the highest degree of desiccation does not necessarily give the most efficient results in preserving viability.
The preservation of viability on drying by the gelatin-ascorbic acid
process and on storing for lorig periods over P20, A large number of different bacterial species, and in one or two cases, a number of strains of the same species, were dried in melted nutrient gelatin +ascorbic acid over P20, and stored from 3.5 to 4.5 years. At the time these storage tests were set up the deleterious effect on an acid pH on certain species (Table 3) was not known, and nearly all tests were carried out with unneutralized ascorbic acid, usually in a concentration of 0.25%. The results are recorded in Table 5 and Fig. 4 . It will be noted in Table 5 that the percentage survival immediately after drying varies from 90 to 12-5y0, and after 4 years' storage from 50 to 1% with one exception, namely, Vibrio cholerae.
Those species with the highest initial survival rate tended to die less rapidly than those with the lower initial survival rates. Thus the strains with an initial survival rate of 40% or over had in most cases fallen to about half their initid Lord Stamp value in 2 years and to one-half to one-quarter in 4 years; €or example, the majority of strains of Salmonellae, Shigella shigae, Chronzobacterium prodigiosum and Streptococcus pyogenes. 1 yo) , failed to grow when tested a few months later. Different strains of the same species, i.e. SalmoneEla typhi, differed markedly in initial survival rates. The strains tested were all freshly isolated from fatal cases and were tested under identical conditions. The initial survival rates were 40% or over, but with one strain (T 142) i t was about 20%. Other typhoid strains, e.g. Ty2 and T1 (not included in Table 5 ), also gave lower figures, varying from 6 to 25%. An old laboratory stock strain, Ty Oxford, gave on a number of occasions initial survival values varying from 50 to 30%. It is evident that considerable variation in resistance to drying exists among different strains of typhoid bacilli, and the same may well be true for other species.
An indication of the effect of varying the cell concentration is seen with Streptococcus pyogenes. With a diminution in cell concentration, the percentage survival rate rises. A similar effect has been noted with Pasteurella pestii and Salmonella typlti-murium. The advantage gained in this way, however, is not marked and in order to obtain as high a number as possible of viable organisms in the dried material it is necessary to use highly concentrated suspensions. Fig. 4 shows the large numbers of organisms surviving in the dried samples over a 4-year period. It indicates that with a number of species, positive subcultures may be expected for a very long further period if the same conditions of storage are maintained.
The preserz?ation of virulence
A number of pathogenic species, included in the above series, were tested for virulence before drying, and after drying and storing for 4 years ( Table 6) . Though the tests were incomplete and in most cases on a small scale there is some indication of the degree to which virulence has been maintained. Virulence has on the whole been extremely well preserved with the six species tested, which include some which are notoriously difficult to maintain in a virulent state. The results with the Pasteurella group are particularly satisfactory. The two typhoid strains were also tested for Vi-antigen by agglutination after storage and both agglutinated to titre with a pure Viantiserum.
DISCUSSION
The experiments provide a considerable amount of information about the factors which influence survival of bacteria on drying, measured in terms of the percentage survival rates estimated by a series of viable counts of the cultures tested.
In the first place the medium is important. Of the different suspending media tested melted nutrient gelatin was the most satisfactory. The constituents of this medium, namely, gelatin, Lemco beef extract and peptone, were not tested separately in any detail, but there is some evidence that the beneficial effect is mainly due to the gelatin (H. B. Naylor, personal communication).
A favourable effect on the survival of many species was also produced by ascorbic acid in certain concentrations. Cysteine and thiourea are said to Lord Stamp produce a similar effect (H. B. Naylor, personal communication). These substances presumably counteract oxidation harmful to survival. Glutathione, however, in a single experiment was found to be inactive. Above concentrations of 0.25-0.5y0 the favourable effect of ascorbic acid is more than counterbalanced by the inimical effects of acid pH unless the acid be neutralized. Results with these organisms rnight well be improved by using gelatin ascorbic acid as suspending medium. It is likely that with many organisms, particularly the more delicate ones, ad hoc modifications in the technique for the different species will greatly improve the survival rate. Lyophilization gives a slightly higher degree of desiccation than does drying over P,O,. In the latter process the material is in the form of thin disks ; i t may be that in these the drying is iiot uniform throughout and that in the interior, where there may be more residual moisture, conditions are more favourable for survival. I n addition to the factors considered above there are others which may influence bacterial survival on drying. Further studies are required of the effect of varying the preparation of cell suspensions, comparing growths of different ages on solid media, and in static and aerated fluid media. The nature of the gaseous environment and other physical conditions under which the cells are dried may also be of importance.
It is noteworthy that with the gelatin ascorbic acid P20, method, unlike others previously described, storage in a high vacuum appears to be unimportant. This may be due to the presence of reducing substances in the dried material. It was, however, found essential to maintain a completely dry
atmosphere. An accurate comparison of the results of these drying experiments with those of other workers is difficult owing to the fact that in very few cases previously have percentage survival rates been estimated. Otten (1932), using saline as a suspending medium and drying over H,SO,, found the following survival rates immediately after drying: Salmonella typhi 2.5-5 % ; Shigella shigae 0.5y0 or less; Vibrio cholerue 0-05y0. He also stated that 'pneumococci, gonococci and meningococci were far under 1% and the same is the case for most of the other pathogenic bacteria such as Brucella melitensis, Br. abortus, Pastewella pestis, Haemophilus inJueiaxae and H . pertussis '. He noted a considerable improvement when meat extract was used in place of saline as the suspending medium, but no figures were given.
I n addition to viability and virulence, properties such as chromogenicity were well preserved. In general, with nearly all species the organisms appeared to be maintained in a healthy condition in the dried material, as judged by the prompt and uniform development of colonies when subcultured directly on to an optimal medium. The gelatin ascorbic acid method is likely to be of considerable value for the maintenance of stock cultures of most bacterial species, especially those liable to undergo dissociation, such as phase I strains of Haemophilus pertussis and Vi strains of Salmonella typhi. It may also Lord Stamp be found possible to apply this process to the preservation of living vaccines of organisms like avirulent Pasteurella pestis (Otten, 1936 (Otten, , 1941 Robic & Minec, 1938) and Brucellaabortus S 19 (Haring, 1938 (Haring, ,1039 Haring & Traum, 1937 McEwen, 1941; Huddleson, 1942) . The organisms might be dried in ampoules and the suspensions reconstituted as required by the addition of warm sterile diluent. The dosage required at different periods after drying could be determined from a graph, should the fall in viability be found to be consistent under standardized conditions of storage.
